The Fontan procedure is performed in patients with congenital heart diseases and abnormal anatomy which preclude intracardiac repair separating the systemic and pulmonary circulation. The role of computed tomography (CT) imaging in assessing patients after total cavopulmonary connection (TCPC) is not well defined.
Introduction
Fontan procedure is performed in patients with congenital heart diseases and abnormal intracardiac anatomy which preclude repair separating systemic and pulmonary circulation. This procedure is reserved for patients who cannot undergo biventricular repair for anatomical reasons. The first procedure was performed by Francis Fontan in 1968 [1, 2] . Since then, many technical modifications have been implemented, however, the idea of the treatment remains the same. Nowadays, the superior vena cava (SVC) is directly connected to the right pulmonary artery whereas inferior vena cava (IVC) to the pulmonary artery using an intraatrial lateral tunnel or extracardiac conduit which creates total cavopulmonary connection (TCPC). In these settings pulmonary blood flow is passive and driven mostly by pressure gradient between the systemic veins and the left atrium [3] . Successful procedure leads to decreased chronic volume overload of the single ventricle, normalisation of arterial saturation and improved survival [4, 5, 6, 7] . Despite these obvious advantages, the Fontan circulation is associated with unfavorable late sequelae such as progressive heart failure, thromboembolism, protein losing enteropathy, plastic bronchitis and Fontan-associated liver disease resulting from chronically increased pressure in the systemic veins, disorders of lymphatic flow and increased pulmonary vascular resistance [8, 9, 10, 11] . Therefore, clinical evaluation of these cohort is very complex and requires blood tests, noninvasive imaging, cardiopulmonary exercise test (CPET), and cardiac catheterization [12] . Transthoracic echocardiography (TTE)
is the most widely available imaging modality but its capability of the conduits evaluations is substantially limited. Cardiac magnetic resonance imaging (CMR) is the noninvasive method of choice for postoperative evaluation of cardiac anatomy and function in patients after TCPC. It provides comprehensive information about cardiovascular anatomy, regional and global ventricular function, blood flow velocities and volumes [13, 14] . In the case of contraindications to CMR or equivocal morphological information, computed tomography (CT) may be a valuable alternative method, which is capable of assessing morphological abnormalities and complications such as thrombus, or stenosis of the conduit, pulmonary embolism, pulmonary arteriovenous malformations, arterial and venous collaterals [15, 16] .
Cardiac CT is a method dedicated to a morphological evaluation. Its role in an overall assessment of the patients with Fontan circulation is not well defined.
Therefore the aim of this retrospective analysis is to answer the question whether is there any role for CT imaging in predicting functional status of adults late after surgical total cavopulmonary connection.
Material and methods
Into this retrospective study patients after TCPC procedure were involved who underwent The SVC was measured 1 cm above the anastomosis with the right pulmonary artery (RPA); the IVC was measured 1 cm below the anastomosis with the conduit or intracardiac tunnel;
the RPA was measured 1 cm distal to the anastamosis and the left pulmonary artery (LPA) was measured 1 cm distal to the pulmonary trunk. The conduit was measured 2 cm above the anastomosis with the IVC. All measurements were performed orthogonal to the centerline of the vessel. The diameter (long and short axis), the area and the circumference were measured.
Every area and circumference were indexed to the body surface area (BSA). Each patient underwent CPET with a modified Bruce protocol (Sheffield protocol) to evaluate exercise tolerance. The following parameters were recorded: the time of exercise, heart rate, blood pressure, peak oxygen uptake (VO2peak), the percentage of VO2peak, normalized to age, sex, and weight-based normative values (predicted VO2peak).
Blood samples were taken after overnight fasting. The parameters of laboratory tests -total protein, albumin, N-terminal pro-brain natriuretic peptide (NT pro-BNP), C-reactive protein (CRP), bilirubin, creatinine, hemoglobin were determined by routine assays.
Statistical analysis
The descriptive statistics of nominal variables were presented as absolute numbers and percentages in relation to the entire study group and continuous variables as means (M) and standard deviations (SD). Non-parametric tests were performed (Spearman's rank correlation test) for variables with the non-normal distribution and linear regression for variables with the normal distribution. Tested regression models were assessed for one predictor. P < 0.05 was considered statistically significant. The results of the statistical analysis were obtained using SPSS 20.0.
Results
The analysis involved 18 patients (10 women Biochemical, CPET, TTE and CT parameters are shown in Table 2 .
In table 3, the correlation between CT measurements and TTE, CPET, biochemical parameters are shown. The area and circumference of the IVC significantly correlated both with the age (r=0.503, p<0.05, r=0.587, p<0.01, respectively) and time after TCPC (r=0.673, p<0.01, r=0.701, p<0.01, respectively). A significant predictor of IVC circumference was the patient's age (β=0.665, R2=0.429, p<0.01).
A significant positive correlation was found between area and circumference of the conduit and both VO2peak (r=0.757, p<0.01, r=0.710, p<0.01 respectively) and predicted VO2peak (r=0.735, p<0.01, r=0.664, p<0.01 respectively). A significant predictor of predicted VO2peak was the area (β=0.746, R2=0.556, p<0.01) ( Figure 3 ) and the circumference (β=0.757, R2=0.572, p<0.01) of the conduit (Figure 4 ).
The considerable correlations between parameters of the conduit indexed to the BSA and the results of CPET were observed as well (Table 3) .
Except for a moderate correlation between the diameter of RPA and a weak correlation between SVC area with GLS no other correlations were found between CT and TTE parameters. No correlation was found between CT parameters and concentration of NT pro-BNP.
Discussion
Cardiac CT gained a wide acceptance in studying patients with congenital cardiac diseases, though the method is dedicated to a morphological evaluation. Our retrospective study was aimed to establish possible relation between selected CT parameters and functional status of adult late after TCPC.
The morphology and performance of cavopulmonary connections and pulmonary circulation are major determinants of circulation efficiency late following TCPC [10] . A failure of one segment impacts the function of the rest. In present study, we found correlations between dimensions of the IVC and the age of patient and the time after TCPC. It may be speculated that widening of the IVC results from increase in systemic venous pressure secondary to elevated pulmonary vascular resistance, which is part of the unfavorable natural history of the TCPC circulation.
In patients after the TCPC procedure, CPET is a widely acknowledged tool providing information regarding a prognosis including the need of heart transplantation [17, 18, 19] . Our study revealed a strong positive correlation between dimensions of the conduit and the results of CPET. Area and circumference of the conduit anticipated predicted VO2preak. This finding emphasizes role of proper selection of the initial size of the conduit with respect to the natural patient's growth before the operation [20] .
Previous studies have shown that geometry of TCPC and the size of the pulmonary arteries play an important role in short-term and long-term outcomes [21] [22] [23] [24] [25] . We found a significant correlation between the diameter of the right pulmonary artery and GLS of the single (systemic) ventricle. This correlation probably results from an influence of the pulmonary vascular system on the function of the single ventricle. However, no correlation was found between CT parameters and ejection fraction (EF) of the single ventricle, which confirms a limited value of the single-plane Simpson's method used in this group of patients [26] . The Simpson method for calculating left ventricular EF is not applicable to evaluate systolic function of single ventricular due to its complex geometry. In this group of patients, this method may be useful for longitudinal observation of individual patient.
Eindhoven at al. reported significantly higher concentration of NT pro-BNP in patients with
Fontan circulation who had moderate to severe impairment of ventricular functions [27] .
However, data on the clinical use of brain natriuretic peptides in the Fontan circulation should be interpreted with caution as its levels depend on the type of the Fontan procedure and the degree of the right atrial tissue involvement into the Fontan circulation [28]. Trojnarska et al.
reported higher serum concentrations of NT pro-BNT in patients after the Fontan procedure, which did not correlate with CPET [29] . The increased level of NT pro-BNP was also confirmed in the patients in our study. However, we did not found any significant correlation between NT pro-BNP level CT and TTE parameters.
Conclusion
Our study proved association between tunnel measurements and time after procedure, age of patients and revealed relationship with functional status of patients late after TCPC. These findings support routine measurement of SVC, IVC and tunnel in these group patients while studied by CT.
Limitations
This study has several limitations inherent to its retrospective nature and a small number of patients examined in one center. CT is the second-choice modality and was used only due to selected clinical indications. Therefore, we included two types of TCPC (intacardiac and extracardiac) and two types of univentricular morphology (right ventricle and left ventricle) into one group (for example in GLS evaluation).
The study population is heterogeneous regarding the time elapsed after surgery, and initial diagnoses.
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